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ABSTRACT

Existing data on the effects on lift of symmetric hydro-
folls due to the injecpion of polymer solutions on to their
surfaces show that the lift can either decrease or increase
depending on the polymer, injection velocity, location of in-
Jection, side of injection and angle of attack, A unifigd,_
albeit semiempirical, appreoach is suggested in the present re-
port for correlating and explaining the apvarently contradic-
tory data. It is prroposed that the observed 1ift changes may
be due'to‘the'influence of the injections on the boundary-

layer displacement ef?ectrthat Ls known to.reduce the circu-

Ilation around hyaro oi_e.

. Four/separate.b@unaary-layer errects due to *nJeLt*on are “
[ 1dentifi;d and discussed, namely these due to ehanéeg_‘n,thgi  ; :
.iexiuctiVu angle or attach, the erfective canber, théléircu;éuifl
:pion (;n addition tv the changes in eircul&ticvrazzogiaté4.- ' b
‘with the previous two- orfects), and the tnichneaa uisnribution.a 5~
' Classieal “"_“’-thédﬁ o airfoil theory are utilized to calculate:
‘. fthe'"éfreétivcn'hydr°1°il.bh&po.th4t would have produued-the -

‘observed pressure distribu: lons.  This efrective shape ia

“utilized to7identify_the'dirferent boundary 1ayer'afrectsbaand*:;fﬂpf

'the 5@, in turn, are 1dcnt1ual with thg change“ likely to b;

-produuud by polymor injcution
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No explicit treatment of the exact nature of the inter-
action between the injected'polymer flow and the boundary layor
or the external pressure gradient is given, since thiz ic out-
side the scope of the present study. However, it is argusd tharu
this interaction must necossarily be devendent on the viocco-
elastic proverties or the volymer, TFor example, 1t 13 shown
that whan the observed changes in the lirt foree are uormaliced

- with rezpect to the leoal velocity at the locatlon o1
Jecetion slit, the data ror airorent volymers, dirrersnt ine-

Joection velocitles and difTevent angles of attack can all be A o

[
l[’

Ccorrelated in terme of the single hon wimensional paranst v
Vir/c where Vi L¢ the I éLt-OH veloci:y, f’i% T y;l;m:r AN
-;laxaticnitime-a“” o dgthe i‘dro;oi- uiorﬁ;' A uimil.r coryve

3

»r*ation is alee g Ve n“fgv[the cha g s;i; urdb dé e Andeesdon,
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FOREWORD

The present report summarizes the work that has been carried
ou®t over the last four years at HYDRONAUTICS, Incorporated, under
‘the support of the Office of Navai Research, on the 1ift and drag
effects that arise due to the injection of polymer additives on

‘7__to the'surface of hydrofoils. The work has been primarily ex-

perimental and an effort is made herein to offer a unilied, albeit
somiempirical, interpretation to the considerable body of data
that has been acquired.

Much of the early work on lift and drag effects were carried
out under the general direction of Mr, Marshall P, Tulin, and a
‘number of the correlations given in Section IV are based on theo=-
retical concepts originated by him, Most of the piloneering efforts
~at HYDRONAUTICS, Incorporated on lift effects on hydrofoils were
carrlied out by Dr, Danlel H., Fruman.

Technical monitoring for the program was provided by Messrs,
Stanley Doroff and Ralph Cooper of the Office of Naval Research.

x’
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I. INTRODUCTION

It 18 woll Known that when dilute polymoer additives are
preaent in the extoernal Clows over two-dimonsionnl hydrofofls
they produce changos o both thoe drag and 1006 charne teristicos
of hydrotolla,  Howover, while the drag roduction achleved o
Bsoenerally accepted as bolng due to o thlckening of the visecous
sublayer adjacent to the wall, the rossons tor the 1000 changes
®Kre t‘m',\t‘mm clear.  Indeed the avallable experimental data are
themee lves quite ambiguous and contradicetory ae o thoe exact
nature off the LICL ofrect,

Sinee Wu's early tinding on the poastbiidty ot o reductlon
of (pump) Lmpellew thrast in additive ;-.ulut..l.om:L, reldatod diid-
Lea with ‘pn.\pv\jl e and h_\:drm.‘nl,ln hve beoen reportod by
Rowalsk L, Wolee and sty Lohman and :mmmnmnn‘b, t :‘pl'\n‘\'u(‘,
Framan, Sundaeam and l\mx\g;nni“. Preamaty, alin and l.‘Lu'", and
Shimaesal la and :,“mulm'nmu. Paowm dbe e e b measueromontse,
K\\\ml.ukl_»" tound that palymer additives decronned the thrmaet and
Increoased the torque o 1 propeller resulting noa decrveased
eftielency.  on the other hand, For oo hiydeotolt whoh polymer
edection, Woltt and \?ethn* toutd 1 U0 veduction, whereas | ohman
and Suemimann ' reported that THEL ol ther Dnereasos or deveenses
dependbng upon whoether the potyuer L edected from the auetion
shde or from the pressare slde,

Stnee 1904, HYDRONAUPLCS, Incorporated hag been enreying
Cout s resenh prageam, under the sponsorship o the oftlee ot
Naval Researehy on vartmie agpecta off the etffecta off polymer
additives on fluld flowe, DPuaring the tast tour years, the etftoeta
have contered araind fnvestipations of the changes In L and
dreag, that occur on hydeatoils when polymer additives are Injected
tangentially tnto the tlow from various teeations oan the toll sures-
face,  Up Lo date the tovestliatlons have been predominantly

\'
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experimental, with the tests having been conducted on 10- and
20~-cm chord, symmetric hydrofolls in the HYDRONAUTICS High Speed
Channel. Measurements have included drag and 1itt forces, as
well as pressure dietributions with and without injections, The
experimental studiews have ylelded a large body of valuable data
which can assist in the understanding ot the effects of polymer
additives on oxternal flows., The objective of the rescarch de-
seribed in the present report-is to utilisze this body ot data,
as well as other data that 1 avallable in the literature, to
attempt to develop a theoretleal framework which can be used to
analyse and interpret the observed eftects,

In order to sot the objectives of the present report in o
proper perspective, o brier discussion of' tho expervimental ob-
servatlions, with omphasis on the most recent results, 1o leat
slven tn Seetlon 11, tollowed by a detalled deseription o ob-
dectives, A discussion off the various phystieal mechanbams that
have been postulated tn the Ttbterature to oxplain the obsorvoed
Lirt effects are discowtsed In Sectton 110 In the Hight ot the
most recent experimental data,  The mechanism that Lo consldered
to be the most plansible, as well az the reasons tor concldering
1t to be o, ave aluo deseribed In Seetton 111, A soml=ompletentd
analysia Lo thon glven tn Sectton 1V o and B outdlilced to corveelate
the date,  Mnally, some concluding roemarks are given in Section
V.
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II., FEATURES OF THE EXPERIMENTAL RESULTS AND OBJECTIVES
OF THE STUDY '
Most of the eXperimental studlies conducted at HYDRONAUTICS,

Incorporated on the 1lift effects of polymer additives were carricd
~out with a 10-cm chord NACA 03 -020, two-dimensional hydrotfoil

placed in the HYDRONAUTICS' High Speed Channel (HSC). In the

early tests, the forces on the model were measured, by the use of
~block gauges, for the cases with and without injection ot Polyox
WSR301 as well as water (so as to provide a "baseline" condition

for assessing the effects of the polymer alone), These early

StudiesG’T Indicated that, under certain conditions, volymer in-

Jection not cnly leads to a drag decrease but also to a 1itft in-

crease, $0 that signiticant increases in the 1ift/drag ratio

could be realized, In general, it was round that a 1lrt increasoe

accompanled a drag decrease when the polymer injection was on the

suction side of the hydroroll, and that both drag and 1ift de-

creased when the polymer injection was. on the pressure slde of
the hydroroil. | ‘

In ah attempt to understand the phenomenology responsible
for the observoed 1itf't behavior, tosts’ wore undertaken to moasure
the pressure distributlons on the hydrotroll ror the cases with
and without polymer injection, Thevo preliminavy tests Indleatoed
that polymer Injection on one surtace (suetion or pressure) ot
the hydroroll changes the pressure distributiion on both surtaees,
though the eftect 1s more pronounced on the suvtiaee on which the
injection 1s made, It was alse found that the prescure distei-
butions woere consistent with the 1Lt forees measured by the bloek
gaugesy that is, the forces obtalined by integrating the meamured
pressure distribution were the same, within accoptod experimentnl
error, a4s those measured by the block gauges,

RURUN SR
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Based on these experimental results, Fruman, Tulin ard LiuT
concluded that the observed 1lif't increases could not be exnlained
in terms of changes in the boundary-layer-separation poilnt, since
the pressure distributlons revealed that injection did not signiri-
-cantly alter the pressure distributions in the trailing-edge reglon,
These authors  argued that the observed 11ft eftf'ect may not be re-.
lated directly to the drag-reduction phenomena. There were also
indications rrom the trends in the data¥ that the observed 117t
effect may be strongly dependent an the viscoelastlc beshavior of
“the polymer. One direct method of examining whether viscoelastic
effects are responaible for the observed 11t changes is t
duct tests with dirferent polymers oi diftering viscoelassle
behavior undey otherwise identical experimental conditionz: the

<

con-

results of such tests are described in Reference 8 for three
diftferent polymers, namely, PolyoX, Polyacrylamide and Juguay,
Since these results Tormed the basls for the analyses glven in
the present report, they arve described briefly below, o

As mentloned carliler, all of the tests wore conductad wilth
& 10-cm chord gsymmatric hydrotoll and were performed in vhe HYDRO-
NAUTICS High Speed Chamnel (HEC) modisied to obtaln a two-dinen=-
slonal flow. The hydroroll has two ,00127-cm wide tnJection
slite, one located at 104 chord and the other (on the oppoclite
side) at 30% chord. Each surrace of the foll has Len prosaure
taps betweon 18 to 8o percent chord length,  The deag and L
curves tor the basic hydrofoll {without any injection) are shown
In Mgure 1, The slight ascymmotyry in the hydrotoll esused by |
the prosence o the 10- and 30=percent chord slits on oppostte
sldes of the foll Is responsilble tor the slight assymmetyry noted
in the 1if't behavior,

*Theso aspects will be discussed in more detall in Seetlion 111,

v
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Figure 2 shows a comparison between the measured pressure
~ distribution and the results of a calculation using potential
‘theoryg. While there 1s general agreement between the measured
- and calculated pressure distributions,,bne feature that is note-

-+ worthy is the relatively large dlscrepancy between the two dls--
tributions near the trailing edge of the hydrofoil.

o Lift, drag and pressure measurements were performed pn‘the'
hydrofoil under the following test conditions:

&, Injected Flulds:
l. Water

2. 200 ppm Polyox WSR 301 (Union Carbide)
‘3. 350 ppm Polyacrylamide (Polyscience - Cat. #2800)

~ 4, 1500 ppm Jaguar WPB (Stein, Hall & Co., Control
#23-0548) . ‘ - ~

b, Injection Veloclty Ratios: Vi/Vw: 0.1 and O.3,-(Vm =
11 meters/sec).

c. Angles of Attack; a: 0°, 2.5° (or 3.25°) and %°.
d. Injectlion Sides: Suction (upper) and pressure (lower).
e. Injection Positions: 10% and 30% chord.

In all, tests were conducted for elghty ditferent combina-
tions of test conditions. A summary of the test results follows:

Drag (Figures 3 and 4)

Water injection results in a drag increase, or at most, a
slight drag reduction; on the other hand, polymer injection always
results in a drag reduction,

Lift (Figures 5 and 6)

Water injection always seems to produce a 1lift force in a
direction opposite to the injection side, the magnitude of this

*All of the experimental data are given in tabular form in Apprndix B,
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1ift change being relatively larger for Vi/V°° = .3 and 10% chord
Injection cases. Polymer injection produces a 1lift force in
elther the same direction as that of the injection or opposite
to it, depending upon the polymer (compare Jaguar and Polyox at
0° angle of attack and 30% chord injection, Figure 6), the rate
of injection (compare 0.1 and 0.3 rates of injection for Polyox
. at 0° angle of attack, Figure 5), the location of injection (com-
pare 10 and 30% chord locations for Polyox, pressure-side inJec-‘
tion at 0.1 rate, Figures 5 and 6), and the angle of attack
(compare 0° and 2.5° with 5° angle of attack for the suction-
side injection of Polyox at Vi/Vm = .3 rate, Figure 5), '

Pressure Distribution

The pressure distribution data were taken for all of the
different test conditions, Typical pressure dlstribution curves
- are shown in Figures 7 and 8. The change in the chordwise pres-
sure distribution due to suction-side injections of Polyox and
Jaguar at a foll angle of 2.5° i1s plotted in Figure 7. The
- hydrofoil has pressure taps only between 18 and 86% of its chord
length; nevertheless, the general trend is good enough to make

the followlng observations,

1. Polyox injection at vi/vm = 0.1 results in o pressure
decrease on most of the suction side and in a pressure increase
on the pressure side; hence, one would expect a lift increase,

On the other hand, Polyox inJection at Vi/vm = 0.3 results in a
pressure increase on most of the suction side and in a pressure
decrease on. the pressure sldey hence, one would expect a 1lift de=~
crease. These observatlons are consistent with the results given
in Figure 5.

2. Jaguar injection at Vi/V°° = 0,1 as well as at 0.3 rate
results in a pressure decrease on the suction side and in a
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pressure increase on the pressure side; hence, a 1ift increase is
"expected in both cases. However, the magnitudes of this pressure
change on both sides are comparatively larger for Vi/Vm = 0.3;
hence, a relatively larger increase in the 1lift is expected for
that case, Again these observations are very consistent with the
results given in Figure 5. ' ‘

The occurrence of a sharp negative pressure peak in the
relative pressure distribution on the side of injection (Figures
7 and 8a) is a characteristic feature of most of the cases con-

- sldered. Water injection in scme cases glves rise to a positive
pressure peak; see Figure 8b., The magnitude and the chordwiss
extent of this peak have an important bearing on the net 1lift

- change due to injection. '

Even from the brief description given above, 1t can be szen
that the lift behavior is qulite complex, with the 1if't change due
to injection being positive or negative for different combinations
of conditions involving the injected polymer, the injection veloc-
ity, the chordwise location and side of the injectiorn, and sco on,
Also, quite evidently the exact nature of the changes in the
pressure distributlion holds the key to the observed differences
in 1lift changes for various combinations of conditions, as illus-
trated in Figures 7 and 8. It is clear that any theoretical
explanation for the lift changes will have to account not only for
the rather striking changes in the pressure distribution due to
polymer injectlon, .ut also for the changes due to water injection,
The development of a comprehensive theory Lo encompass all of the
factors involved is undoubtedly guite a complex task, and this is
not the objective of the present study. Rather, the objectlve
here is to develop a semi-empirical, phenomenologlcal approach
useful for correlating the observed features of the data, appeal-
ing where necessary to dimenslonal reasoning.
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In the next section, the various mechanisms that have been
proposed in the literature as expla.na.tions for the observed 1lift
effects are considered, with emphasis on the one we consider most
plausible based on the trends in the data described herein.
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III. PLAUSIBLE MECHANISMS FOR LIFT CHANGES

As mentioned earlier, based on their observations, Fruman,
Tulin and Liu7 examined several possible explanations for the ob-
served behavior, A change in boundury-layer separation behavior
was discounted as a feasible explanation, since the measured pres-
sure distributions do not display any evidence of this (the major

“pressure changes occur somewhat aft of the slit rather than

- near the trailing edge). These authors then considered boundary-
layer thimning on the side on which the injection is made as a
possible explanation. The decreased boundary-layer thickness at
the tralling edge of the hydrofoll can be direetly related to the
drag reduction, since the change in the momentum rlux in the wake -y
must equal thoe change in drag. In turn, the reducoed thickooess of
the boundary layer at the tralling edge on the side on which the
injection is made can be related to o change In the offective
angle of attack., It is relevant to note that, according to the
above explanation, infectlon on the pressure side will lead to
decrease In the tralling-ecdge boundary-layver thicekness on this
side and a consequent decrease in the otffective angle of attack,
whereas injection on the suction slde will lead to the opposite
effect=0 reosult which i consdetont with obeorved lif't behavior
in most (but hot all) or the casus,

Fruman, Tulin and Liu ealeulated the reduction in tmiling-
edge boundary-layer thickness using the meavsureod drag roduction
and calculated the change in it corresponding to the change in
the offective angle off attack by waing the measured Lirt-curve
slope. They found that in &ll but a few cases, the measurcd 1Lt
changes were considerably largor than those that can be predictoed
using the mechanism described above, & will be coon later, a
change in the eftective angle of attack due to boundary-layer thine
ning at the trailing edge is only a part off the total erfeet on the
boundary layer of the polymer injeetion. !
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Fruman, Tulin and Liu7 then considered viscoelastic effects
as possible explanations tor the observed changes, They pointed

- out that when the observed 1ift forces are plotted against the

logarithm of the rree stream velocity a stralght-line behavior

results in a mamer analogous to the behavior noted in pitot-tube
measurements in flows containing polymer additives, Such a plot
21so indicates that there ls a threshold veloeity below which the

1ift effect does not appear, the actual value of this throeshold

velocity bueing depondent on the test conditlons. However, when
the results are plotted in terms of the local veloelty at the
injection =1it, a single threshold veloclty results,  Thozge ob-
servations lend cradence to the concept that viacoelaatic otfects
may be responsible ror the observed LI etftects,  Morcover, thoe

Tact that under otherwise fdentical oxporimental conddtions dift'or-

ent polymers lead to alyndflcantly different Lirs changes, also
lends cradence to the concovt that viscoolastle of'focts are
responsible, at least in part, rfor the obaorved atfocty,

The anmmolous 11t orftect wag alao notad by Snrpkuyab in hiw
tosts on two=dinenstional hydrotolls dmnerced Dnodllute homogencous
solutions of polyethelene oxtde, and he coneluded that the Lif't-
to=dray ratio ot the hydrotodls may olther Ineroace or doecrease
depending on thelr stall churacteviaties,  SarpRaya thoeort. od
that the observed oftect may be due to the different Intlhuences
o' the polymer on the boundary-layer charactertstles on the top
and bottom surraces of the hydroroll and the consegquent change in
the cdreulation detect (that is, the difterence between the actuaal
circulation and that predicted by the Rutta condition) known to
oXist in roeal tlows,

The hypothesic that the observed efifects may be due to
boundavy=layer interaction becomes quite plauslble when one coms-
pares the actual measured progsure disteibutions under undisturbed

P .
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conditions (that is, in the absence of injection) with theoreti-
cal computations based on thih-airroil theory; see Figure 2, It
can be seen that there are significant differences between the
“calculated and measured distributions, especilally near the trail-
ing edge of the hydrotfoil; these differences are typical of such
comparisons, are well known in the literature (see References 10-
13, for example), and are attributed to boundary-layer oftfects.
The potential-flow streamlines around the hydrofoll are displaced
outward net only due to the thickness distribution of the hydro-
foil, but also due to the boundary layer on the foll surtace,
Hence, better results would be obtained 1f, in the computations
instead of using the actual hydroroll shape, an altered shape

in which the boundary-layer displacement thickness is added to the
shape 1ls used, ’

In general, the boundary layer on the upper surtace of the
hydroroil will grow facstor than that on the lower surtace bocoausoe
of thu adverse pressure gradiont existing on the top surace tron
the minimum-pressure point onward,  Therotore, the ettoeetive hydro-
foil shape (that ia, the actual shape plus the displacement thicke-
ness) will have o slightly twrned up tralling odge at o relatlvely
small positive angle off attack, The differences between the coms
putational results and the measuronent near the fralling odge of '
the rotl are direetly attributable to the efteet mentdoned above
and, indeed, oxeellont agreoment between the two results are ob-
tadned 11 boundavy-layer displacement effects are included in the
computatlonll’la.

The relovance of the above remarks In the prosent context ia
that, as can be seen rrom Flgure O, the boundary-layer displacement
efffects can have a significant efteet on the pressure distributionag,
these erfteets bolng conslderably larger than the observed it o=
foets caused by polymer injections. Thus, oven swmall changes in the

v

e
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dynamic evolution of the boundary layer on the surface on which
the injection is made can be expected to rroduce changes in the
pressure distributions of the type observed in the experiments.

One other inportant feature of the relative vrcasure dic-
tributions which also indicates’ that the observed efrect may be
due to boundary-layer interaciion is the rolatively sharp de-
crease in the pressure coefficiant some distance art or the injoe-
tion position., This relatively sharp negative poak in the vros-
sure distridution is a characterictic feature o nost orf the

oA I SO i LT Y N vy ey b i Yaac o veranyLy s [T
cases conslderad, and alway.s ocours o the game stde oanowhltebh b

3 . hd v . . I 4 N
indectlon Is mady (#ee Plgures 7 and 8),  Ag alveady noted, and

as can be sean rrom Figures 7 oand U, the magnitude and chordwiase
extont o WMils peak have an fmrortant bearing on the masnisade ag
well as tho direction of the net it chatge that resulie due to
the polynmer infecvion, '

In many cased, as In the case of Polyox injectlon Llluetried
in Figure 7, thore are posfiive prossure ve smbotte berore aid folloe=
ing the negative pressure poake,  Alvo, the prossurs dleveibyction -
fg atrected everyvhere an the foll aurrace regarvdleas o?'z‘,
or-location at which Infection Ls made, 'Morvcvor, the acuind
location ot which tn cetlon Laomade svoms o have LG o no
Intluence on the loeatdon of the prosaire poank, the latter appars
ently belng Influeheod more by the baste wniiaturbed precasure 3ty
tridutlon on the hydruxoll. ' 4 o -

A

1 1e dmportant to noto that water irJvotivv aleo leads to
peaka in the pressure ddatribuiion, ag U lustrated In !*‘1;-’\11'9 S,
This flgure shows the changes in the pressure. distribdutions ro-
sulting from water injgecsion at an angle of attack ot Woror lower
slde Injection at 300 chord, For the correspondinm eace of folyox
injection, there s » nogative peak on the bottom-aide preseurs
distribution (the side on whieh the injection i made). o However,

‘ Y'I‘hm alInL will be discussed in swre quautitativv Lot in
gction IV. -




7
N
C“'

<

P
3

. HYDRONAUTICS, INCORPORATED

- -13-
.
E . for the case of water injection, while there is a small negative
E: ? peak for the smaller rate of injection, the pressure peak beconc:n
] positive for the larger rate of injection. '

The observed features of the pressure distributions described
above are compatible with the hypothesis that the 1ift changec are
produced by boundary-layer displacement effects. The interaction
between the injected flow and the boundary layer can be exnected
to depend as much on the undisturbed pressure distribution on the
hydrofeil ag it does on the location of the injcptior For ex-~ oo
ample, clearly portions of the boundary layer in the favorable and Sy
adverse pressure-gradient regions in the hydrotoll may reapond
differently to the perturbations caused by the injections, n

Vel .

Fruman, Tulin and Liu7 have %Ubguotcu that the 1iiv eliect
of polymer injection may be duw to the faclt that the poliymar curean

~enters the flow around the hgdroxcil_in the form of a “*wcllen Jet”

- due te the vizscoclastle behavior or peolymeyr solution, UWhile it ico.

.,pl&usiblé to auproge that the obzerved peakd in the prossure div-

el bution mey be due to thdse "ewollen i@bﬂ » Lt oseeme wnldkely thav o

'1the observad effect 1a a purely viscoclastic cne, ein¢c>3§;£g'in- :

Jeetdon also leads to poaka in.the pressure dlstributione,

B m any case, the importont peint to note here i that the |
flnczl changes in the die plauement thickness of the boundary. {ﬁycrf""
due Lo ite inveraction with the njeeted rlow will loaé te levatl
“changea  in tho effeetlive eamber of the nydrilotl. T turn, the o

efreet of the lattor changes will be o cause 1oaa1¢nou changed

'{in the pressure distribution ncar the locations of maximwua inter-
- action as well as to cause more gencral changes din the prosaurs

~distribution'gvcr;the énuirc'hydrofoil surrace due o changes in

~the eirculation. This 18 exactly what iu seen in Lhe.data.
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; Ab mentioned earlier, based on his experiments on hydr01011,
_..»immersed in dilute, homogeneous polymer solutions, oarphayq hau
?w%ﬁggestcd that the observed lift increases may be due to the
f*restoratlon, by polymer ~induced changes, of some of the circula-
iﬁﬂiion reduction created by boundary-layer displacement effecta,
- The present*results on the effects of the polymer when it 1s in-
ftjected at the hydrofoil surface also seems to suggest that the
‘ ‘observed 1ift changes may be due to & boundary-layer displacement
'Effecf caused by the injection, especially in view of the differ-
. eﬁces between the actual measured pressure distributions under
~ sundisturbed conditlons (that is, in the absence of injection) and
‘”;théoretical computations based on potential-flow thcory9: 300
‘2. However, the observed effect 1s also evidently a functlon of
- the characteristic relaxation time, T , of the polymer, or, more
~appropriately, the nondimensional parameter Wj/&, whore Viis the
injection veloclty and 4 is a characterlstle hydroroll dimension,
The data also show that the boundary-layer displacement eltveel must
also be a function of the side, locatlon anu velocliy ol the polymer
injection. BT

The hypothesils glven above can be verifiled dlrectly, sinee the:
measurcd pressure distributions ean be analywod using elasstenl :
alrfolil theory, and the "erfective" hydrerotl shape that will
produce the observed pressure distributions can be ealeulated,

Thie affective hydrofoll shape can then be viewed In Lerms ot n
change in the evolution ol the boundayy layer around the actual

“hydrofoll., By these means, corrclations can be sought botween the
obscrved effects and the test variables in terms off intormatlon
that exist in the literature on the behavior of* boundary laywe
under favorable and adverse prossure gradientue, and under the o
fluence of injeetlons and various surtace perturbations. This ls
the approach that is utilized in the next section,
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IV. SEMI-EMPIRICAL CORRELATIONS FOR THE OBSERVED EFFECTS

IV.1 Pressurc Distribution and Lift Effects

It was suggested in the previous section that the observed

1ift effacts are due to a change, caused by thé injection of water

or a polymer at the surface of the hydrofoil, in the boundary-

layer-displacement phenomenon which -causes the observed 1irt in

real flowe to be less than that predicted by potential theovy.

In essence, the faster growth of the boundary layer on the suc-
A'.tion side of the hydrofoil comparcdfto that on the pressure side

leads to an etrective hydroroil shape wuich has a slightly turned-up

tralling edge in turn,'thi‘*lomdq'to & reduction In etTective

cambur and hence also Lu cxruulation and in 1if't,

It 1s well known ‘9 that e 1sunabln 1¢ro‘mont can be ob-
atn*a o‘tucen moasured pressure dl&trtbutionb on a hydrofoil
_and thc zrodt\tionz ot putential 1heor». exeept near the trail-

:*ng ud o, wWhaen tho measured values oi,thc 1itt cootfficiont,
'nahncr*‘sz the hoorvticml values .arbf wed to sormalize the
bro~~uvﬁ cocttivient Tht"i the bausie ror the comparison
aho\n in bigurv ?.1 %omcwhat buthor agrvumont botween the mea-
sured enu cwlculateu pr ssure dLquibutioxs can be obtained by
ey uia{nh that the m¢11nr-thwn-potcnti¢l it that is mea-
sured muet ne\o"warily imply that LhO actunl circulation around
tha hydrofoil is smaller than that predicted by the Kutta con-
Cdttion, THonee, the diztribution off vortices used to reprosent
the hpdrofoll nust correspond to the reduced circulation mther
";thunAto that prodicted by the Kutta condlition.

Let

r o= I (1-k) | _' (1)«

Tauation (LT I vquLthont to G (1 - K) where CI and
€y, are respeetively, the meas urod anh predlctcd values of

th5 1iry coetticiont,
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where I' and Q{ are, respectively, the actual value of the
circulation and that predicted by the Kutta condition,

. It can be ohownl%1612thdt for a symmetric hydroionl
- the induced velocity distribution due to the modlimed vor-
'"tLulty distribution is given by, - ' '

Ve h-x | , 5
= 12 1+ Is(x) -‘kh(x)} s

da
T Tr(dz/dx)? | VR(T-X)

whore Vw is the free-stream velocity, a is the angle of

attack and the integrals Iz and I are given by,
C 1 .

- S A LE er ax
I(%) =5 I[Tﬁ: B 1-(1-22()"] Xo =X

o

. . 1 |
14»(39) = :?! h(ll"h)(’%"‘)

In the aboveféquutions 4= a(x) fepresents the thilckness
dlstribution ot the:hydrofoil and all the lengths have: been
_?ﬁOrmulizud'throughAdivision;by the hydrotoll chord, ¢. 1In
"°Equatton [3] thofpoﬂttivo sign applies to the upper surface

ot thc hydroioll whilo tho newatlvc sign applies to the lower

aidc ' ‘ '

: in Bauatlon [3], the pazmmunmn'Jl+(da/dx)” represents

the ratio botwgen the (predicted) veloelty on the chordline
-and th&factuul'volocitv on the foil surfuce; 1ts usc avolds,
'iur & round-nogsued hydroioil, the otcurrence of an lnfinite

“\xctiun vclocity at thu 1o¢dlnb edbeL'lf Since Lquation (3]

‘Thlu uquatlon is 1ound by roprowcntinﬂ the hydroioil surface
Ly appropriate dis trlbutiou or vorticea and sources {(sev Appendix A).
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violates the Kutta condition, it predicts an infinite velocity
at the trailing edge; however, this can be climinated if, as

suggested by PrestonlO and SpencelJ

» the velocities at the edge.
of the boundary layer along normals to the upper and lower sur-
faces at the trailing edge are used, along with a Jjudicious Tair-
\ ing procedure, instead of the velocity at the trailing edge
" itself, ‘ ”
Equation [3] represents the velocity distribution due to
“the effect of angle of attack, and, for a symmetric hydrofoil, . -
the veloclty due to thickness distribution has - -to be added to ‘ V
this to obtain the total velocity distribution. The latter veloe-
-1ty distributlion can be written as '

V o= Lo (6]
- Vis(dz/ax)”
where S (u/an) |
- 1 B/0X) Ax o -
ll(}\o) = 'ﬁ‘f —_—er— dx 7]
: .

The veloelty due to thickness distributlon ls aleo
tabulatod in Reference 9 for a number of NACA foil shupds
in general, and for the speelfle hydrofoll under consideration
here in particular, ' '

Bquations [3] and [G] can be used, along with the siwmploe
relation, ‘

. v i® :
c, nl-(—\-’:—) , (8

to caleulate the pressure coefficlont, Cp o on elther silde
of & symmetric hydrofoll at o speelflied angle of attack and

al a arbitrary value of the clreulation (that is, at a value
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- of the circulation that does not nccessarily correspond to that

given by the idealized Kutta-Joukowski condition). Tho calou-.
lated pressure distributions for the specific hydrotoil shape
utilized in the present study are shown in Figures 9 and 10 for
an angle of attack or 5° and for a value of the circulation
which corresponds. to the mesasured valuc of the 1ift coefricient.
In the approximate calculation, the integrals glven in kquations
(4] and [5] were not calculated; rather, the expression within
the flower brackets in Equation [3] was equated to unity since.
‘this is sufficiently accurate for the present purpose. Also,
the tabular values given in Referonce 9, rather than bauation
(6], were used to caleulate the induced veloclty due to the
thickness etfect, | '

A comparison between the messured and calceulated values ot
the differences in the prossure coetfrlelents on the upper and

lower surfaces ot the hydrofoll Is shown In Migure 9, whiloe {he
pressure coelficlents themselves are shown in Figure 10, Valuos
corresponding to the Kutta-Jdoukowski value off lhe- clreulatlon

Care also shown in these figures Tfor pulposes ol comparison, 1t
can- be scen that the caleuwlatlons rfor the raduced-clreulation
case glve very good agreement with the measurements, dneluding
in the reglon ol the tralllng odge, whileh 1 noteworthy in view
of & auite approximate method off caleulatlion,

The main point to be derived rfrom the comparisons shown In
Plogures 9 and 10 s that while the considerably smallor LLCL that
ig measured in the teats (In the absence of Injeetion) may bo eaused,
in part, by a lack of two-dimenslonality In the flow or by wall intor-
forenve of'ecta, boundary-layer displacoment etftoets may alio boe ot
importanee, Henee, 4L Lo plausible that oven LU polymer iunjection
causces only small changes In the boundary-layer thilcknenn, the
obuerved magnitudes off 1ICE and prossure changes can reosuld,

saump -
[N A

*Phin approximation e cqubvalent to making the thin=aivtoll
\ 3

!
tton when dotormining the vortex distribution on the chordliy
Appendix A, '

13
\
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Estimates of the types of changes that will occur in the

.pressure distributlons on a symmetric hydrofoil due to the ob-
served 1ift changes caused by injection  can be made using Eagua-
tion [3). Again, as before, making the approximation that the
“terms within the flower brackets in Equation [3] are equal to
unity, this equation and Equations [1], [2] and [8] yield an

' expression for the change, ACp ,» in the pressure‘coefficient

- . due to a ch;nge, ACL ».in the 1ift coefficient, as:

(V) 6 <
8y =+ LR 19 )
P __+ /1+(dz/ax)? - . /x(l-x)» am 9

where, now, the negative sign applies to the top surface and
the positive sign to the lower surface, '

In Equation [9], V represents the velocity on the upper
or lower surfaces of the hydrofoil in the absence of injection
and can be computed using the measured pressure distribution
in the absence of injection; thesc basic pressure distributions
for the four angles of attack consildered in the present study . '
are shown in Figure 11, ‘ '

Comparisons between the measured changes in proessure dise-
tributions due to Injectlion and those calculated using kqua-
tion [9] are shown in Flgure 12 for two cases., Theo first case
shown 1s that for Jaguar injectlon on the suctlon side of tho
hydrofoll at ton percent chord and at thirtyvpercent ot frev-
stream veloclty, with the angle of attack being 2.5% as can
be seen from Flgure 5, this casce leads to a substantlal 1it't
increase, The second casc shown is that for water injectlon;

this case leads to a lift decrcase,

t) - o FEAMTSWEES e 2w
I s 1
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It can be seen from FMlgure 12 that there is a very good
‘general agreoment between the calculated and measured distri-
butions, except tfor the presence'in the. latter of the pressure
veaks already discussed., It should te noted that in cach of the
comparisons shown three sepvarate sets of measurements are in-

volved, namely, the changes in the 111t force, the basic prassure
distribution and the change In the pressuré qistribution dug to
‘1nJection. Thus, the good agreement diéplayed in Plgure 12 is-

- evidence o1" the self-consistency of the experimental data, The
fact that the pressure distributions prodicted by potential
theory using a change in circulation alone go s long way 1in pre-

~dicting the observed changQS‘ln pressure distributions, avpeara
to .support the present method ot approach ot viewing the 110t
“and pressure changos initerms ol ohang@s‘in the "erfective".shapo
o' the hydroroll, - ' A

On the other hand, when the obscrved 1irt changes ave viewed
Smerely as aue to & change dn the effective angle ol attack o the
hydroroll, the prodicted: pressure changaw are ot in good agreg-
nent with those observed, This can Lo geen by lotting h and K In
Equation [3] equal to unlty and zero, rospectively, so as to ob-
tadn the veloetty distreibution corresponding to the ideal value
ol the Qondition around the hydrotfoll, -Then, the change in the
voleedty distribution due o o change, say In the angle ol attack,
ean be written as, ’

) Sy ,
N e VR M [10]
AVANETN (S EVREY LR ‘
where the same approximation as that involved In Bquation [9) has
been made,

Using Bquations [8) and [10], the change in pressure co-
efflelonts can then be wrltton as, ‘
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ac. =t ALY 1-X e

= ; (11]
P V1 + (dz/dx)e x (oCp/00)n

© where (3C; /%), 1s the measured 1ift curve slope in the
absence of injection. Equation [11] is also shown plottoed
in Figure 12 (in dotted lines); it can be seen that even the
~ qualitative behavior of the measured and predicted~distri—
“butions are different, 1t should be noted that both Equations .
-[9] and [11] correspond to the same chan ge in circulation

around the hydrofoil, which, in turn, is deduced from the
measured value of the 1ift change, However, these two equa-
tions account for the changes in circulatlion in toerms of" ' ‘
different distribution of vortices around the hydroreil Chord;-~ g :
- the physical significance of the differcnces between the wo L ﬁ
© cases willl be discussed presently.

2

As already noted, the singlo expression glven in Equation
{9] does remarkably well in predicting many ot the obsorved
features ot the pressure distributions., UHoweves, since it only
accounts for the changes in thoe pressure distributions due Lo
a change in circulation for a symmotric hydrotoll, the equation
falls, not surprisingly, to predict the observed peak in tho
prassure distributlion on the side on which the injeetion Lu
made, This pressure peak ls evidently assoclated with an un-
symmetric change in the efrectlve shape ot the hydroroll and
can be predicted only by expliclily accounting tor camber
effects, Note that boundary-layer-dlsplucoment offecets were
not accounted tor explicitly in Equation [9], thouph the chanpus
in clreulatlion were assumed to be induced by changes in boundary-
laycr thickness,

Ag mentionod earller, several authors have included the
erfccts of boundary-layer displacoment on lift oxplicltly., Speel-
fioally, prestont?s 1 has resolved the displacement etfeet
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into symmetric and antisymmustric parts and

separately. Preston's "2harse of shape" meti
able value in viaualizing tho effects of surlace in,

However, before conzidering this method in dstail it

to briefly discuss an alternate technigue develcped by !

.

‘since it provides some -sight into the mannzr in which bound&rye

layer development inrluences the outside votantial "low
this method the boundary-larer displacement
at the outset Ly an unsymmetric source diatrid

culation is determined by utilizing

amounts of vorticity, though of

the wake from the boundary layer on the uppex
of the hydrofoil.

The caleulational svovs ! 8 method
transtformation, by the wae of confomal naprin
foll into a cirele; as such, the rfinal resulues
involve compiesx coordinatos,  Im particuliar,

\

parametors that appear In the rinal results (Fauatlon @8 o3

Refarence 13) ave Ap and \p which are, renpecuively, thoe dlae
Stances In the complex rlane bolween thoe tralling edge ano inhg
edges o the boundary layors on thoe upper and lower surraecs,
White the rosult Lusolf L& 100 Involved to conslder hoero, 1t

relovant to citoe Spenvets observations on the rosulte,

"This cquatlon provides o theoretieal explanation of cor-
tadin qualitative boundary-layer offtteets on 1100 whileh are well
recopnised oxperimentaliy,  For an alrtoll o finlte tralling
edge angle, T, the eftfecet off thilckening the upper boundary
layer, Keeplng the lower constunt, would be o Incroase Ay, The
effect would thug be «e=we to decrcase the clrculation and 1it,
as expeeted.  The converse otteet should oceur 1 Ay were do-
creasod (c.g,, by dnercacsing the amount of laminar rlow on tho
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upper surface*), The effect of increasing and decreasing iz,

which represents the lower boundary layer thickness are not clear

from the equatlion, and would appear to depend on actual rather
It 1is expected that the larger the

than relative thicknesses,
trailing-edge angle, the more marked will be such changes in 1ift

obtainable via trailing-edge thickness."
While the exact nature of the interaction between the in- . = - k

_Jected polymer flow and the boundary layer is not known, it is

. - . clear that many of the observatlions of Spence quoted above may be
For example, ir

relevant in the context of the present study.
the effect of polymer injection on the upper surface 1s imagined
as producing a more laminar (that is, thinner) boundary-layer v )

behavior on that surface, then the result of the injection would
This is what i1s observed in many

; - be to yleld a lift increase,
cases of polymer injection studled herein, especially when the

effects of polymer injJection are viewed relative to that of water
Anjection, However, it should be noted that the Injected tlow

will also Interact with the external pressure gradient, and that

the effect of the strong, adverse pressure gradlient present down-

stream of the point of injJuction (see Mg, 11) may be to increase

the boundary layer thickness, The net eftect will then be gov-

erned by the balance between these two counteracting influences,

iy e s i n L L,
-

Water injection on the upper swrface presumably leads Lo a
thickening of the boundary layer, since o reduction in 1irt always

accompanies such Injection, Also, since water injection on the

upper surface causes a drag increase, it is difticuld to attribute
.8 such as thowo

the observed results to any leading-cdge effect
associated with boundary-layer control through the use of leading-

edge slats or blowingl7.

¥ Imphasls suppliod; not in the original citation,
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Spencet's results also show that the efrvcts on 1ift of
changes in the upper and lower boundary layer thicknesses arve
considerably different. Specifically, changes in the lower zur-
face boundary lsyer can produce either an increase or decrease
in 1ift depending on the actual values of the bowundery layer
thicknesses on the upper and lower surfaces (that is, on seoti
shape, angle of attack, Reynolds number, etc.) and on the trai
ing-edge angle, The experimental s oare qualitatively con-

sistent with this cobservation, since the changes in 1174 due

3
W

Jlower swrrace injection display considerably rfewor frends as

campared to ertects of upper side injection,

As mentlonoed earlicr, Spencetls results are not in a o
from whilch guantitavive covimites can be obtained readilys
this purposae we appeal to the technique developod Ly

conslavr a symuetric, two-dimensional hydrotroll
of attuek o to *he free stream as shown dn Maure 13(a),

»

the more adverse prossure gradlients on the upper surlace of the
hydrotfoil, the boundary-layer displacement thickness on {hat
surtaice will dncrease at a more rvapld rate than that on the tower
surtuce,  Yhe eftoct of boundary-Tayer Jdh: nla\om&nt ot the oxe-
ternal potentlal flow car v calvulated by adding the divplacenent
thickness to the ettoctlive eross-sectional vhave ot the hydro-
foll, e 6& g 5? represent the dbsplacement thlioknesson ot
the upper and Tower swrtaees, the displacongnt effecd cann e ros
solvaed dnto two paris, one symmetrice and the other antlsynmeiede,

namely,
x‘ .s‘ x» 7 ‘x\ by oy
NEETR LN C NS (1]

u
x.
whore 60 represents the change in the eftective camber ot the

\
hydrotoll and § tho change dn 1ts thivkness dlistedbation,

(o

Yo thle and the following tipures the boundary-layor=displace-
ment eftecta are shown hlghty exaggeratad for the sake ot
alarity,
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It 1s appropriave to first consider the eftective cawir

distribution alore, since its influence on the 1Lift is nmueh moers : R
profound than that of the thickness distribution, The erfoctive 5

centerline of the hydrofoil is oblained by adding cc* Lo iuo \ Q

geometric centerline, and the effective cross-sectlonal sharve o:

the hydrofoil can be represented as in Figure 13(b). As can b ‘ o
-seen rrom the figure, the displacement eftfiect will produce not ‘ f
only a reduction in the otfective angle of attack by an amount f
equal to,

s * {
QO = c 3 RN
! O Jtrailing edge :
Voo

but also a negative cambor about the otfeetive chord, 191, .
Both of thesc erfects will vend to reduce the 11t proeduced %
by the hydroroil, '
I the value of the eiveulatlon about the ertoetlve hrdee- :;
foll shape wore governad by (he Kutta~Joukowsk D hypothoote, thay R

the above twe ervects will Lo the only ones veecsent,  Lovever,
due o the presence ot the boundary laver, the olreuiatlon arvad
tho offovtjyo hydroroll Lo net pdven by the Kutta=doukowsid
hyputhvsisll, buv, rather, has to bo determiood welng the cone
altlon that egqual and oppoaite amounts of vortlelty must paes
Into the wake trom the upper and Tower bowndiey Tayers,  Prostse

has whown that the above comdtilon Lo satlatlod, e fhrat oo

A

e

proximation, when the velocltlon ot the odges off the boundary
layor on the uppoer and lower surfaces al the tealling odge ot
the hydroroll are cqual,s  These veloetties themeselves can be
eatimatod by wsing potential theory with an arbitrary value ter
the efrculation fn the aboence of divplacement ef'tects, ad the
alreulation adjuated to make the veloelties equal,y 15 noceaaary,
the results can Lo dmproved by Lteratlon,
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*
The effect of the symm=tric part, 6S on the pressure
distribution can be calculated by adding §_ to the thicknes:
distribution of the hydrofoil and by using Fquations [6] anu [71].

hJ
*
S

The effect of boundary-layer displacement on the 1ift and
pressure distributions on a symmetric, two-dimensional hydroroil
is thus seen to consist of four separate parts, The first is
assoclated with a reduction in the efrective angle of attack,
while the second is associated with the regative cambor of the
effective hydrofoil shape. The third eifrfect represents the re-
duction in circulation as compared to that given by the Kuita-
Joukowski eriterion, and tha: rourth erfect represents the changed
thickness distribution, 1 the comparisons shownh In Wigurer ©
and 10, only the third of the adove erfeets was lncluded (using
the measured 1ift) and the others were neglected.

The Influence orf polymor or water Infecilon on the 110t and
pressure distributions can aow be viewed tn terms of the Loundarys
layor=displacemont orffects Jeserdibed above,  Conslder the injoc-
tlon of polymer or water from ¢ loeatlon, 1 o on the surfacy ob
a symmetrle, twosdimonslonal hydroroll.,  The effeclive chord and
conteriine or the hydrogroll in the absonee of-jnjﬁﬁtion (Wt In-
cluding boundary=laver erreata) are shown In detall In Fjgnrn'1h;
As o rlvst approximedion 311 s appropriate to asaame that e
Indectlon altera the boundavy=layer thdchknose only . on the stde
on whivh the indectdon g made and only downstresn teom the voint
of injcvtionw. The er'teetive contorline of the hydroroll witl
then be displaced vertically by an amount cqual to AdvAL, where
A6% 1s the change (asswmed positive when thore i@ thickening on
the upper surtace or a thinndng on the lower surtuce) in the -

FOoTor the sale off convendenee only o general thinning Le shown in
Mes, W oand 15, As mentioned eariier. there can be a thinning
or thickening of the bowdary layer Toeally depending wn the
relative magnd tudes of tho erfecets due to the ddverse  pressure
gradient and the polymer, ‘ ’
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boundary-layer-displacement thickness due to injecticn. The
effective centerline and chord are shown as solid lines in
Figure 14, with T" being the new effective trailing edge of the
hydrofoil,

It can be seen from Figure 14 that the injection leads to
a change in the effective angle of attack by an anount equal to
-AG%/EC, where Aég is the change in boundary-layer-displaccoment
thickness, due to injectlon, at the traillng edge. It caun alvo
be readily shown that the echange in.camber 1s glven by 1 (asx -
xA&ﬁ). Since the camber effect depends on tho detalls o the
interaction between the boundary layer and the injected fiow, It
may be elther vozitlive or negative loecally and change sign with
downstream dlstance depending on the specifie nature ot the
interaction, Ag alroady pointed out, the fact that dllreromy
polymers lead to significantly different results fmvlies that
the cheractericile Intoraction length is likely to bo dependent
- on the paramevey V 7, where 7 ig the uolvmgr rel&xavloi wime,
It may be oxpcetved that the nondimensional ratle é.f VT whore
65 is the dispis uenont thickhees at the locatlon of vhe injee-.
ft;an,,will'b@ an.imgortant parameter. o B
Of courze, the eoxact nature of the int*rﬁ@ﬁiON'of the inM ctcv
f:p@lymer golutions vltn the bowndary layer or with vhe outalde low
‘i~is"unkn@wn, and it is not the objec tve of the prosont stndy too - '
Cattompt to déseribe the detalls of thiu uu»craCLion.;;;yvia-euy obJota-
tive to merely  illustrate that such int@raciion SUn the -
. plaualible reasong for the obaerved changes: i ihq *#‘uv Al
tributions, ~lift<and'd'mb. Evon Af the 1n3vu%\a 3low cnlcrﬂ'uh@
outside rlow az a "swollen Jot'y the camputational procedure du=
seribed herein ean be utilized providcd that thc digplaconent -
effeet of this jeu is known.-r' '
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It should be noted that the circulation around the modi-
fied centerline LT" will not be that specified by the Kutta-
Joukowski hypothesis; nor will it be merely the circulation in
the absence of injection (that is, for the centerline LT!') cor-

~rected for the effects of the changed angle of attack and camber,
| The new value of the circulation can, and should be, uniquely
determined by using the condition that the velocities at the
edge of the (changed) top and bottom boundary layers al the
- trailing edge must be the same, '

Finally, the effect of the injection on the thickness dis-
tribution can be obtained by subtracting AS*/2 from the basic
distribution when there is a thinning of the boundary layer and
by adding it when fthere 1s a fthickening.

The four separate cffects can be summarlzed as follows:

(1) A change in angle of attack due %to o change in
the boundary-layer thickness at the tralllnhg
edge; glven by Aa::-Aégf/Qc.

A change In the effectlve camber of the hydro-
foll due to inJectlon,

A change in circulatlion due to injectlon, deter-
mined by uslng the theorom stated by G. I. Taylor
that equal and opposite amounts of vortleity must
pass Into the wake from the top and boltom boundavy

layerstlslTl

(1v) A change in thickness distribution due to injeetlon,

In passing, 1t may be noted that in thelr analysls of
- boundary-layer offectas, Fruman, Tulin and Liu7 only conuslderaed
the flrst of the above four éffacts, while in the comparlson
shown in FPlgure 12 (that la, in Kquation [9]), all of the ob-
served 110t change was attributed to the third ei'fect.
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Before making quantitative estimates of the four separate
effects of injection, it is first relevant to consider their
qualitative behavior tfor a specific example, say, that of poly-
mer injection on the upper surface, It the effect of polymer
injection 1s to make the boundary layer downstream of the point
of injection behave in a more laminar fachion, then accompanying
the drag roduction, there is also o reduction in the boundary-
layer=displacoment thilckness at the trailing odge.  Thus, there
will be an inecrvease In the efTective angle ot attack, Of course,
the converse is true 1t polyner injection is made on the lower

surface,

—

As already polnted out, the sign off the camber ol fect will

o tl

Jhrie Interactlons botween the

!,

—_~

depoend on the detatled nature of
Injectod and boundavy=layer tlows,  In general, 1 the thining
effeet Inercases nonotonieally with dncreasing downgtroam dig-
tanee, as depleted tn Ppure Wh(a), then there will be o net
positive Inereasce In ocamboer (due Lo o decroase In the nepative
wmmw)uaammm However, 11 the maXimum degroe of thimning
aeeumt, al a short distance downstream of the point off Injoction,
as shown In Flgure 1H(0), the disteibution of the change itn cam=
ber may be negative over o daepe portion of the hydreotoll, o
that the net erreet e a reduction 4n LG, 18 the maxiaum de-
e of thhmdny oceure al a Toeatlon close Lo the tealting odpe
but. shewd ot T, as shown in Figure (e}, then the max tnun
(negative) change in camber will alse oceur close to the trald-
o edpes nee, as Lwowell khewn (avv, for examp le, Retoroneg
18, page 88) 5 the values of the camber near the tratding edpe
have aomove profouind intfluckee on Vvt than the values elaewhers,
the raduction of 1100 In this case Lo 11Kely to be subeitantial,

The change In elreulatton due Lo polymer injection, say, at
the top surtace, can be detemined uaiigg the condition that the
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new value of the circulation should be such that the velocity

at the new edge of the top boundary layer at the trailing edge
should be the same as that at the (unchanged) edge of the bottom
boundary layer at the trailing edge. For a hydrofoll with a
finite trailing-edge angle, the trailing edge is a stagnation
point, so that near the trailing edge the velocity will increase
with increasing distances from it. Thus, if the circulation
remained unchanged after injection, the velocity at. the edge

of the (thinned)top boundary layer will be smaller than that

at the bottom; to increase this veloclity to equal that at the
bottom, the circulation will have to increase, In other words,
a thiming of the top boundary layer must neccssarily be accom-
panied by an increase in the effective clrculation around the
hydrofoll¥*,

Conversely, a thinning of the lower boundary layer must
necessarlly be accompanled by a deercasze In clreulation, since
to make the veloeity at the new edge of the (thinner) lower
boundary layer at the tralling odge equal to that at the (un-
chenged) uppor odge, the eirenlation must be decreasaed,

In summary, it the offect off polymer Injectlion on the
boundary layevr is to thin it downstream of the polnt of injoc-
tilon, the angle-ot-attock offeet will increase the 11t for
upper side Injeetion and roduce 14 o lower side injeetion,
The camber effect may olther nerease or decrvase the 1t do-
ponding on the detalls of whe Interaction betweon the injucted

*ainee the veloetty distribution in the roglon of the trealling
edge An depondent on the hydrot'oll geometry in penerval, and the
tralling odge angle In partienlar, thesoe parvametors will in-
fluence the change dn elreulation,  These reastures are neluded
in Spuneets theory™,
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flow and the boundary layer, The change in 1lift due to the
modified tralling-edge condition (Taylor's theorem) is posi-
tive for upper-side injection and negative for lower-side in-
Jeetion., Thus the total change in 11t may be elther positive
or negative depending on the relative magnitude of the differ-
ent effects, though, in general, upper-side injection can be

expected to produce an increase 1n 1ift and lower-side injec- -

~tlon a reduction in litt,

It 1s now appropriate to consider some quantitative estl-
mates, Bquations [3] and (4] represent the induced velocity
distridbution for a symmotrice hydrofoll with an arbitrary clr-
culation I'y  For a cambered hydrofoll the induced velocity due
to thickness distribution is sU111 vepresented by Equation [4].
However, utilising the method developed by WGberlb’lb it can
be shown® that the induced veloclty due to the vortex distribu-

tlon for a cambered hydrotoll is glven by

1dzo(x')

dax!

N - ] '1

_ o= X I ~
el LTS
TN (070K ) \ﬁx‘(I-x) S

, - : Cad]
Xt dAx! : '

T=xt x .- x"f ¢

whoere, as betore, the positlive sign applics to Lhe uppoer
aurraee: and the nepative signh Lo the lower surface,  Also,
Oy Ta the angle off attack measured with respect to the

effective chord Line, LW, @ ds the helght of the etfeetive

‘\
camber Vine above the X axts, while o I8 the thilekness div-

4
3]

tribution ot the hydrorodl (ineluding the boundoary=layer din-
placement thicknoeoss),

fhee Appendlix A,

& T e > AN SUVTIRR

- 27
%

¥'
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Equations [14] and [6] together describe the velocity dis-
~tribution on the hydrofoil. From these equations, the change,
AV , in the velocity distribution due to injectlion can be ob-

talned as, : ; : -

\Y

<

t+

v

1l

) dz - » .
1 e X! ax! A + h - X ; _
* J[ axT _Vl—x' X-X! ——— — T = [153‘»
o W/kzI~k;_~ jfxli—xi . )
) 1 o .

Q

1

-1 d(l\z.c) | 1f d(AZ\s.) dax!
T ax™ . + dx' X-X!

0

‘where, as before, the posltive sign applics to the upper sur-
face and the negative sign to the lower surtace., The Tour
terms on the right-hand side represent the effects on the

Cveloclty distrlbution of changes, respectively, In the eflec-
tive angle of attack, In clreculation, in camber and in the
“thickness distribution, - Note that the flrst throe terms are

of oppostite signs .on the two sides of the hydrofoll, while
the last term 1o of the same sign on both eldes;  thus the laust
term will not Intluence the 118t change, '

Bven though Baquation [15] appears to be qulte complex,
the changes In veloelty can be caleulatod talyrly readily it
the changes 1 boundoary -layer displacoement thlckness due to
AnJectlons are Khown, sinee slmple algebraice methods tor evalu-
ating the Intorgrals appearing In 14 are avallable In the Litor-
uturulb’lb’la. Bauation (157 can be simplificd by utilising
the expressions glven carlier rolating the change in boundary
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layer thickness to changes in the effective angle of attack,
camber and thickness distribution. After some algebra, one ob-
tains, '

P Ve 1~ f1x .
- 2 h-x 21C X . .

AV = +
- Vi o+ (dzg/dx)?

o 1 * M . [16 ] ' ‘ ‘
, (j. s X +,dA6c x| ax! . .
‘ dx! 1-x — dx¥  YIx7T{| x-xv  °? _ o
o] - : . . : R

where Vu and V& represent,'respectively, the velocities on
- the top and bottom surface of the hydrofoil. In the deriva- ‘
tion of this equation the approximation h®1 has been made in o ¥

the second term, so as to facilitate physical understanding
of the phenomena involved; the approximation will not signifi-
cantly alter the numerical values of the velocity, ‘

"The first term on the right-hand side of Equation [106)
represents an antisymmetric effect of boundary-layer dis-
placement, while the second term reflcets both symmetric and
antisymmetric effects., The filrst term accounts for the change
in circulation due to a changed trailing‘edge‘condition, and
produces veloclty changes which are equal in magnitude but
opposite in sign on the two sides of the hydrofioll. The 1if%
effect represented in this term ls essentially the same as
that 1n Equation [9] and, as already noted, ascribing all of
the observed 1Lft changes to this effect results in a pre-
dicted pressure distributlion which is In good agreement with
the measured value, except ror the presence in the latter of
certaln peaks located near the polnt of maximum hydrofoll thicka
ness and on the same slde as the one on which the injection is
nade, '
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While the first term on the right-hand side of Equation
[16] is not of a form which can yield the experimentally observed
pressure peaks, the second term is indeed of this form, as can
be seen from the following argument. If we assume that, to the
- -first-order, injection changes the boundary-layer thickness only
on the side on which the injection is made, 86} and A8 will be
equal in magnitude as well as in sign when injection is on the
top surface, while they will be equal .in magnitude but of opposite
éign when injection is 6n the bottom surface; see Equation [12].
First consider tne case of injection of polymer or water on to
the top surface, For this case it can be seen from Equation
[16] that the value of the integrand in the second term has a
singularity at x = x!', while it is bounded at all values of X on
 the lower surface¥, Thus, depending on the specific behavior of
A8%, it is likely that a pressure peak of the type observed in
the experiments can occur on the top surface, but not on the
bottom surface. Also, assuming that polymer and water injections.
produce changes of opposite sign in the displacement thickness
(an assumption which 1s consistent with the observed drag behavior),
"1t can be seen that water injectlon will produce peaks of sign
opposite to those produced by polymer injectlon, ’

For bottom side inJection,'A6: and AG: are ol opposite sign
(though of equal magnitude) so that the Integrand in Equation
[16] is bounded everywhere on the top surface but not on the
bottom surface. Hence in this case the prossure peuks can be
expected to occur on the lower surface and not on the upper sur--
face., The featurcs noted above are exactly -the ones dlsplayed
by the experimental data.

¥In this and all other singular inteprals occurring in this report,
-1t is undewrstood that the Cauchy principal value 1ls the one of
coneern,
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Since the detailed nature of the interaction of the injected
flow with the boundary layer is not known, Equdtions [15] and
- [16) cannot be used to make quantitative predictions of the veloc-
ity Ehanges that will occur due to injection. However, these
equations can be used, along with the measured pressure changes,
to estimate the shape of the effective hydrofoil which corresponds
"to the observed changes, as follows:

The change in the effective angle of attack is first calcu-

- lated using Equation [13] and the momentum relation expressing
the change in boundary layer thickness at the trailing edge in
terms of the change in skin-friction drag7. This last quantity

~ is itself determined by computing the change in the pressure drag
. from the measured pressure distributions and by subtracting this
- from the measured changes in the total drag., The first term on

the right-hand side of Equation [15] can then be readily calculated,

thy

If the total velocity field around the hydrofoil, including
the boundary-layer-displacement efTect, were known, then the change
~in circulation Ah can be calculated using the trailing-edge condi-
tion that the velocitles at the eages of the top and bottom bound-
ary layer be the same¥, Lacking such information, the sccond term
. on the right-hand side of Equation [1%], which is the same as the
first term in Bquation [16), can be cstimated for various assumed
values of Ah. The fourth term on the right-hand slde of Equatlion
[15) can be eliminated by taking the difference between the mea-
sured veloclty changes on the top and bottom surfaces of the hydro-.
foil. Thus, finally, the third temm (which represents the camboer
change) on the right-hand side of Equation [16) can be expressed '
in terms of the measurcd pressure changes, The method of WQber15’16

*The mcthod of Spenceld provides an approximate preocdure for carry=
ing out the step, However, even thls approximate procedure i1s too
camplex Lo be userul here,
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can then be used to calculate the camber, since she has tabulated
the influence coefficients necessary for the inversions of the
integral. " .

Figure 16 shows the results of three sample calculations for
the cases of Jaguar, Polyacrilamide and Polyox injections on the
“suction side of the hydrofoil at 10% chord, 2.59 angle of attack
* . and at an injection velocity equal to thirty percent of free-stream
velocity. Calculations are shown both for &h = O and Ah = 0,015.
As expected, the calculations show that significant changes in |
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